Key Words Na-K-pump homology models, ATP binding, Na + and K + ion binding, energy transduction mechanism s Abstract The cell membrane Na,K-ATPase is a member of the P-type family of active cation transport proteins. Recently the molecular structure of the related sarcoplasmic reticulum Ca-ATPase in an E 1 conformation has been determined at 2.6Å resolution. Furthermore, theoretical models of the Ca-ATPase in E 2 conformations are available. As a result of these developments, these structural data have allowed construction of homology models that address the central questions of mechanism of active cation transport by all P-type cation pumps. This review relates recent evidence on functional sites of Na,K-ATPase for the substrate (ATP), the essential cofactor (Mg 2+ ions), and the transported cations (Na + and K + ) to the molecular structure. The essential elements of the Ca-ATPase structure, including 10 transmembrane helices and welldefined N, P, and A cytoplasmic domains, are common to all PII-type pumps such as Na,K-ATPase and H,K-ATPases. However, for Na,K-ATPase and H,K-ATPase, which consist of both α-and β-subunits, there may be some detailed differences in regions of subunit interactions. Mutagenesis, proteolytic cleavage, and transition metal-catalyzed oxidative cleavages are providing much evidence about residues involved in binding of Na + , K + , ATP, and Mg 2+ ions and changes accompanying E 1 -E 2 or E 1 -P-E 2 -P conformational transitions. We discuss this evidence in relation to N, P, and A cytoplasmic domain interactions, and long-range interactions between the active site and the Na + and K + sites in the transmembrane segments, for the different steps of the catalytic cycle.
INTRODUCTION AND SCOPE
The Na,K-pump is essential for all mammalian cells. At rest it consumes 20-30% of ATP production to actively transport Na + out of and K + into the cell. The Na and K gradients are required for maintaining membrane potentials, cell volume, 0066 -4278/03/0315-0817$14.00 818 JORGENSEN HÅKANSSON KARLISH and secondary active transport of other solutes, e.g., the transcellular transport processes in intestine, glands, and kidney.
Na,K-ATPase is the largest protein complex in the family of P-type cation pumps. The minimum functional unit is a heterodimer of the α-and β-subunits (1) and may also be coexpressed with small ion transport regulators of the FXYD family (2, 3) . Individual genes of four α-subunit isoforms and at least three β-subunit isoforms of Na,K-ATPase have been identified in mammals (4, 5) . The isoforms combine to form a number of Na,K-ATPase isozymes that are expressed in a tissue-and cell-specific manner. The central question in the comprehensive physiology of active Na + and K + transport is the nature of the complex regulation of the expression of these isozymes and the variety of systems for posttranslational modification and short-term regulation.
Biochemical and spectroscopic data show that long-range E 1 -E 2 conformational transitions in the α-subunit mediate interactions between cytoplasmic domains and the cation sites in the intramembrane domain (1, (6) (7) (8) . These transitions couple the scalar processes of ATP binding, phosphorylation, and dephosphorylation to the vectorial extrusion of three Na + ions and uptake of two K + ions. High-resolution molecular structural information is essential for understanding these complex reactions and the physiological regulation of the system. The Na,K-pump was first visualized as distinct particles of 30-50Å diameter in purified membrane preparations from mammalian kidney (9). Crystallization in the membrane after incubation in Mg 2+ and vanadate (10) led to a three-dimensional reconstruction at 20-25Å resolution, with information on the mass distribution of the cytoplasmic protrusion of the α-subunit and the extracellular protrusion of the β-subunit (11). Recently, electron microscopy image reconstructions of Na,K-ATPase at 9-11Å resolution were reported (12, 13). Crystallization of sarcoplasmic reticulum Ca-ATPase in vanadate (14) led to 8-9Å resolution structures, which allowed tentative assignment of transmembrane helices (15) . In 2000, Toyoshima and coworkers presented the 2.6Å high-resolution structure based on X-ray diffraction of crystals grown in CaCl 2 solution (16) . In addition to this structure at atomic resolution (1EUL), two structures of the E 2 conformation at 6Å resolution are available, based on electron microscopy of Ca-ATPase stabilized by decavanadate and thapsigargin, 1FQU (16) and 1KJU (17) .
The focus of this review is the structure-function relationship of binding sites for Na + 
, K
+ , Mg 2+ , and ATP and the structural changes mediating interactions of functional sites during the catalytic cycle. Ideally, resolution of these mechanisms requires a high-resolution structure of each intermediate of the reaction cycle. In the absence of such information provisional concepts can be inferred by comparing a high-resolution structure of the E 1 [2Ca] form (16) with the available models of the E 2 -forms [1FQU and 1KJU (17) ]. The structural reconstructions of the E 2 -Mg-vanadate complexes of the α-subunit of Na,K-ATPase (12, 13) show considerable similarity to the E 2 forms of Ca-ATPase (16, 17) . Homology modeling of the α-subunit of Na,K-ATPase on the backbone of the 819 three-dimensional structures of Ca-ATPase therefore allows visualization of the domain movements as large global changes of structure involving practically all amino acid residues. In light of these models, data on proteolytic (1, 8) or metalcatalyzed (6, 7) peptide bond cleavage, mutagenesis, and chemical modification can be interpreted to yield important information on the mechanism of energy transduction.
THE KINETIC MECHANISM OF Na,K-ATPase
Extensive studies into the cation transport mechanism and partial reactions, including definition of the properties of the phosphorylated intermediates (18) , the occluded Rb + or K + after dephosphorylation (19) , and the conformational changes of the protein (1) , provided the basis for the kinetic mechanism of Na,K-ATPase (1, 20, 21) . Known as the Albers-Post mechanism, it involves these steps (cyt refers to cytoplasmic, exc refers to extracellular with respect to Na
a. The steps of this ping-pong transport mechanism include (a) ATP acting with low affinity accelerates inward transport of two K + ions coupled to the E 2 [2K] ↔ E 1 conformational transition; (b) binding of three Na + ions at cytoplasmic-oriented sites; (c) Na + cyt -dependent phosphorylation from ATP and occlusion of three Na + ions; (d ) outward transport of three Na + ions coupled to the E 1 -P ↔ E 2 -P conformational transition; (e) binding of two K + ions at extracellularly oriented sites; and ( f ) K + exc -activated dephosphorylation and occlusion of two K + ions. As pointed out by Jencks (22) , an effective ion pump has strict cation specificity of the phosphorylation and dephosphorylation reactions, (steps c and f ), and tight coupling of the E 1 /E 2 conformational changes to cation movements, (steps a and d ), as well as features that minimize energy losses via nonproductive pathways. The latter include the cation occlusion in E 1 -P[3Na] and E 2 [2K] and change in specificity from ADP reactivity of E 1 -P to water reactivity of E 2 -P. Other P-type pumps, such as sarcoplasmic reticulum Ca-ATPase or gastric H,K-ATPase have different cation specificities of the phosphorylation-dephosphorylation steps and stochiometries of cation movements, but the basic mechanisms are the same. An explanation of these mechanisms in terms of molecular structure is the question that needs to be addressed.
The N Domain
The N domain contains the ATP-binding site and extends from the phosphorylation site Asp369, with the 370-KTGTL sequence, to the C-terminal 586-DPPR hinge ( Figure 2 ). This domain is inserted into the P domain and consists of a fairly twisted antiparallel eight-stranded β-sheet, with a basic fold known only from the Ca-ATPase structure (16) . The strand topology is the same as found in the eightstranded β-barrels of the lipocalins, which are carriers of hydrophobic compounds. (26, 27). Two long segments protrude from this β-sheet, one between the outermost β-strands 3 and 4, and another between strands 6 and 7 (Figure 2 ). Each of these protrusions contains a β-hairpin and two or three helices. The binding site for the ATP adenine base is found in a hydrophobic pocket lined by strands 4, 5, 6,
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Figure 2 Topological representation of the N and P domains. The positions of some residues around the ATP-binding site are shown. β-strands are shown as arrows but are numbered only if they belong to any of the two central β-sheets; α-helices are shown as cylinders. and 7 on one side and the N-terminal part of helix Asp443-Cys457 on the other. Na,K-ATPase has two large deletions relative to the Ca-ATPase structure, one between strands 1 and 2 and the other on the C-terminal side of helix Asp443-Cys457. In the tertiary structure, both deletions are far from the ATP-binding site.
The ATP-Binding Site
The ATP-binding site in the Ca-ATPase structure is detected by bound TNP-AMP in the N domain (16) , but precise interactions between ATP and protein have not been characterized. The role of the N domain of Na,K-ATPase is also illustrated by binding of nucleotides to the isolated expressed loop between M4 and M5 with the selectivity of native enzyme, although with much lower affinity (28). Several residues in the ATP-binding pocket are conserved in Na,K-ATPase
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JORGENSEN HÅKANSSON KARLISH and Ca-ATPase. Lys501 (Lys515 in Ca-ATPase) in the conserved KGA motif is covalently labeled with fluorescein isothiocyanate (FITC) (29). Lys480 (Lys492) is the receptor for 8-azido ATP and pyridoxal 5 -diphospho-5 -adenosine (30, 31). ATP protects against insertion, and labeling abolishes ATPase activity. However, mutations of Lys515 in Ca-ATPase (32) and Lys480 in Na,K-ATPase (33) have moderate effects on catalysis. Mutation of Lys480 appears to reduce the affinity of the Na,K-ATPase for both ATP and phosphate, but it is not essential for ATP binding or hydrolysis (33). Although insertion of bulky groups in the binding cavity may prevent binding of ATP, these basic residues may not be essential for coordination of nucleotide. Hydrogen bonding of Lys501 with Glu446 may be of importance for the general structure of the ATP site. In Ca-ATPase, competition against photolabeling of Lys492 (Lys480 in Na,K-ATPase) by [γ -32P]-TNP-8-azido-ATP has been exploited to analyze ATP binding (34). The results implicate Phe487 (Phe475 in Na,K-ATPase), Arg489, and Lys492 (Lys480) (34). Crosslinking of Lys492 and Lys515 also produces strong inhibition of ATPase activity and phosphorylation in Ca-ATPase (24) .
In Na,K-ATPase, Arg544 (Arg560 in Ca-ATPase) is positioned at the mouth of the ATP-binding pocket near the interface with the P domain and initiates a Walker B-like sequence (1, 25) . Direct ATP binding or phosphorylation assays of mutants shows that Arg544 contributes 7 to 8 kJ/mol to the change in Gibbs free energy of ATP binding ( G b ). ATP binding is unaffected in the Arg544Lys mutation, whereas the affinity for ADP is reduced, suggesting that Arg544 stabilizes the β or γ phosphate moieties of ATP and aligns the γ phosphate for interaction with the carboxylate group of Asp369 (25) .
Several investigators have proposed that Na,K-ATPase has two ATP sites located either on the same α/β protomer, or on interacting protomers. A review of this controversial topic is presented in Reference 35 with many original references. The minimum asymmetric unit in membrane crystals and the minimal functional unit in detergent solution are unequivocally α/β protomers (36-38), and in our view, the most recent findings favor a single ATP site mechanism. First and foremost, the Ca-ATPase structure (16) has only a single ATP-binding pocket and, insofar as they have been compared, ATP-binding residues of Na,K-ATPase and Ca,ATPase are similar. The two-ATP site hypothesis is based extensively on binding of bulky ATP derivatives (39) and modification by reagents such as erythrosine isothiocyanate (Er-ITC) to FITC-modified Na,K-ATPase, which blocks high-affinity ATP binding (40-42). Recently, pure duck salt gland Na,K-ATPase fully modified with FITC (6.5 nmol/mg protein) was shown to bind TNP-ADP and be modified by Er-ITC, although with much lower affinity than native enzyme (43). Thus the fluorescein label attached to Lys515 hinders binding of ATP and also TNP-ADP and Er-ITC, but the latter are not absolutely blocked and can still enter the ATP pocket and bind with a low affinity. Duck salt gland microsomal Na,K-ATPase is mostly monomeric (α/β). In pure Na,K-ATPase, higher oligomers are detectable, but the molecular activity is the same as for the monomer (α/β) in microsomes (44).
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The P Domain
The phosphorylation domain is homologous to the haloacid dehalogenase (HAD) family of enzymes for which the structure is known to atomic resolution in the case of L-2-haloacid halogenase (45), phosphonoacetaldehyde hydrolase (46), and Methanococcus jannashii phosphoserine phosphatase (47). As anticipated from the sequence similarities, these proteins share a common fold corresponding to the phosphorylation domain in the Na,K-ATPase, although the substrate-binding domain insertions are different from each other and from the N domain of the ATPases. The fold can be described as a six-stranded parallel β-sheet made up of two Rossmann folds (βαβαβ), which in Ca-ATPase and Na,K-ATPase are flanked with one parallel and one antiparallel β-strand (Figure 2 ). The N domain is inserted between the second and third strand. Three motifs are arranged next to each other and outline the active site for binding of Mg 2+ and phosphate. The first of these motifs, 369-DKTGTL in Na,K-ATPase, contains the aspartic acid residue, which is phosphorylated during catalysis (48-50). The second motif is 610-TGD on strand 3, C terminal to the N domain. It associates with the phosphorylated segment because Asp627 in Ca-ATPase is hydrogen bonded to Lys352 and the Asp627Glu mutation blocks the Ca 2+ transport at the E 1 -P-E 2 -P transition (32, 51). The third motif, 708-TGDGVND, terminates the sixth β-strand of the P domain where Asp710 is required for binding of Mg 2+ and phosphorylation (52). L-2-haloacid halogenase and phosphonoacetaldehyde hydrolase act on relatively small substrates, and Mg 2+ is not required for catalysis (45, 46) . Similar to the phosphoserine phosphatase (47), they do not catalyze energy transfer from phosphate bond ester cleavage or undergo sizeable domain-domain movements as in P-type ATPases. Their use as a model system for conformational changes of the ATPases is therefore limited.
More can be learned from the binding of Mg 2+ and phosphate in these enzyme structures. In M. jannashii phosphoserine phosphatase (47), the Mg 2+ ion is coordinated to residues homologous to Na,K-ATPase residues Asp710, the main chain carbonyl oxygen of Thr371, the phosphorylation residue Asp369, and to a phosphate ion. The other phosphate oxygens interact with (a) Asn713, Lys691 and the main chain NH group of Gly611, (b) Thr610 and the main chain NH groups of Lys370, and (c) Thr371. Coordination of the phosphate group is most likely to be similar to the γ phosphate of the ATP in P-type ATPases. The structure of the DKT motif is well adapted to bind both a negatively charged phosphate ion and a positively charged Mg 2+ ion. Lys370 initiates a short, one-turn helix, and the dipole moment is utilized for binding phosphate by the main chain NH groups of residues Lys370 and Thr371. However, on one side of the helix, the peptide bonds of residues Thr371-Gly372 and Thr375-Gln376 are flipped, allowing the carbonyl oxygen of Thr371 to interact with the Mg 2+ ion. Thus two antiparallel dipole moments in this unusual helix are utilized to dock both the positively charged Mg 2+ and the negatively charged phosphate ion. Residues likely to interact with the α and β phosphate groups toward the binding site on the N domain include Lys370, Thr375, and Asp586. The structure of phosphonoacetaldehyde hydrolase complexed with tungstate is similar to the Mg-phosphate complex in the phosphoserine phosphatase, although Lys691 and Asn713 are replaced by arginine and serine residues, respectively.
The A Domain
The A domain is the smallest cytoplasmic domain of the α-subunit of Na,K-ATPase, consisting of the N-terminal segment (Gly1-Gln88) plus the loop between M2 and M3 (Lys205-Glu312). In Ca-ATPase, the cytoplasmic loop forms a distorted jelly roll structure, and there are two short helices in the 40 residues of the N-terminal segment (16) . In Na,K-ATPase, the N-terminal segment is 33 residues longer and the bond at Lys30 is a well-defined tryptic cleavage site (53). The tryptic cleavage sequence of Lys30 and Arg438 implies that this part of the A domain interacts with the N domain in the E 2 [2K] form (1) . The conserved 212-TGES motif is located at an edge of the A domain (16) . The critical importance of this loop has been demonstrated in iron cleavage experiments, as it is cleaved in the E 2 -P form, but not in E 1 -P (54).
Exposure of proteolytic cleavage sites in the L2/3 loop in E 1 forms and protection in E 2 forms are parallel in Na,K-ATPase (1, 55) and Ca-ATPase (1, 56, 57) , suggesting that the conformational movements of the A domain are similar. The importance of the A domain movements and the L2/3 loop are underlined by the nature of its connections near the cytoplasmic end of M3 (Figure 3 ). In Ca-ATPase, a triangular hydrogen-bonded connection is made between L2/3, helix-1 of S4 and L6/7, involving Thr247 in 247-TPL of L2/3, Glu340 in 339-VETLG of the P1-helix in S4, and Arg822 in 819-RXPK of L6/7 (16). These segments are conserved in Na,K-ATPase 275-TPI, 357-VETLG, and Arg830 in 827-RXPK of L6/7 and are modeled in Figure 3 , as in Ca-ATPase. The connection to P1-helix of S4 may function as a lever mechanism to alter the position of M4. L6/7 runs as a collar around the P domain, and there are several conserved hydrogen bond connections between L6/7 and S5, i.e., between Asp813 in L6/7 and Asn755 in S5 and between the main chain carbonyl oxygens of Arg819 and Arg751 in S5. Additional hydrogen bonds and van der Waal interactions between L6/7 and M5 are described for Ca-ATPase (16).
The Transmembrane Region
There are 10 transmembrane α-helices or 5 pairs of helices inserted from the cytoplasmic side (37, 57). With the exception of M9-M10, the returning helix is in close contact with the preceding one in Ca-ATPase, and the four M1-M2, M3-M4, M5-M6, and M7-M8 helical pairs are sequentially juxtaposed in the membrane. Three of the helical pairs contribute to cation binding via residues in M4, M5, M6, and M8 (55, [58] [59] [60] (Figure 4a and Figure 5 ). The M2, M4, and M5 helices are extended to lengths of 41, 26, >27, and 60Å, with several turns on the cytoplasmic side where they connect with cytoplasmic domains. The M9-M10 pair does not contribute directly to domain anchoring or cation binding, and its two helices are not packed together but wrap around M8 (16) . Determination of the helical tilts in the bilayer is not straightforward because the membrane structure is not determined or defined in crystallographic structures. The inclination of the transmembrane helices in Ca-ATPase has been estimated by electron microscopy (15) to range from less than 10
• for M4 and M6 to ∼30
• for M5 and M9. The relative orientations of helices varies from almost parallel to an angle close to 50
• between M5 and M10.
The transmembrane regions of P-type ATPases differ from those of known ion channels by the absence of an obvious transport path in the form of an open water-filled channel. Presumably, this reflects the difference between passive and active transport mechanisms and the necessity of occluding the cations in the ion pumps. Probing the structure with the Hole software (61) in Figure 4c shows that a channel with dimensions suitable for passage of Na + or K + connects the proposed entry site for Na + with site I and II near the center of the membrane region. In the extracellular half of the bilayer, the putative channel is constricted in a section that appears to be too narrow for passage of a cation, as could be expected for an E 1 conformation.
HELIX PACKING STABILITY AND α-β-SUBUNIT INTERACTIONS
Because the Ca-ATPase structure or homology models are used extensively to interpret data on Na,K-ATPase or H,K-ATPase, we need to know how α-and β-subunits interact and whether β-subunits affect organization of the α-subunit. A similar question arises regarding the γ -subunit or other FXYD proteins. Transmembrane helix arrangement has been predicted to be similar in Ca-ATPase and Na,K-ATPase (57, 62) . However, as discussed below, there may be a significant difference in the M7-M10 region where α-and β-subunits interact.
The α-Subunit
Several proximities and interactions between α-and β-subunits have been detected with renal Na,K-ATPase, digested extensively with trypsin to shave off cytoplasmic N, P, and A domains of the α-subunit, which leave well-defined membraneembedded fragments (63) (64) (65) . The β-and γ -subunits are largely intact. In these 19-kDa membranes, cation occlusion and ouabain binding are preserved whereas the ATP-binding sites are removed. This shows directly that cation sites are located within transmembrane segments and communicate with ATP sites via long-range interactions. Cation occlusion is much less thermally stable in the 19-kDa membrane than in native Na,K-ATPase, although it is strongly protected by Rb + or Na + ions or ouabain. (66) . Instability can be explained by loss of stabilizing interactions of L6/7 after the cut at Arg830-Asn831 and removal of the P1 helix in S4. This fits well with a proposal that L6/7 of Ca-ATPase and its interacting stalk segments stabilize both phosphorylation (P) and Ca-binding (M) domains, based on effects of mutations to charged residues (67) . The M5/M6 fragment dissociates from digested Na,K-ATPase or H,K-ATPase upon warming at 37
• C, in the absence of K(Rb + ) ions (68, 69) . This phenomenon indicates thermal lability of interactions between M5/M6 and other segments, notably the M7-M10 segments (70) , and suggests that M5 and M6 are mobile segments in cation transport.
Cu-phenanthroline treatment of detergent-solubilized 19-kDa membranes causes S-S bridge formation between Mβ (Cys44) and a cysteine in M8 (Cys911 or Cys930), an internal cross-link between M9 (Cys964) and M10 (Cys983) of the α-subunit, and a cross-link of M1/M2 to M7/M10, which was not identified (71, 72) . A homology model shows that Cys983 and Cys964, which form the internal cross-link, lie at the ends of M9 and M10 but are not close to each other ( Figure 5 ). The observation (66) that in 19-kDa membranes Cys983 in M10 reacts with cysteine reagents only after dissociation of the M5/M6 fragment is not self-explanatory because Cys983 already appears to be exposed ( Figure 5 ). These discrepancies imply that M9 and M10 may not be organized identically in Ca-ATPase and Na,K-ATPase. In another study o-pthalaldehyde produced two cross-links, one near the cytoplasmic entrance of M5 and M7, consistent with the Ca-ATPase structure, and the other located between the extracellular entrance of M8 and the β-subunit, which fits other evidence on the α-β interaction. (73) .
Cysteine modifications and mutations are beginning to provide valuable information. Covalent modification of Cys964 and Cys911 in right-side-out renal vesicles shows that these residues lie at the extracellular boundaries of M9 and M8 and are conformationally mobile. Mobility of M9 is also demonstrated with BIPM-labeled Cys964 (74). Na,K-ATPase was expressed in insect cells, Cys964 and Cys911 were mutated to non-cysteine residues, and residues in putative extracellular loops were mutated to cysteine: Pro118 in L1/2; Thr309Cys in L3/4; Leu793Cys in L5/6; Leu876Cys in L7/8; and Met973Cys in L9/10. Each of the mutants reacted with a membrane-impermeant cysteine reagent (MTSEA-biotin), confirming their location in extracellular loops (74) . These results provide a strong indication for the model with 10 transmembrane segments (37) in the functional enzyme. Val969Cys and Leu976Cys, located on either side of Met973, were not labeled, suggesting that they lie at the boundaries of M9 and M10. On the homology model ( Figure 5 ), Val969 and Leu976 are located in the center of the long L9/10, where cysteines should be exposed to MTSEA-biotin. Thus again, the unexpected observation raises the possibility of a different arrangement of M9 and M10 in Na,K-ATPase and Ca-ATPase. A functional cysteine-less Na,K-ATPase has now been expressed in insect cells (75) , providing an important tool for defining helix packing, which uses cysteine-scanning mutagenesis as applied to transporters such as lac permease (76) .
Covalent labeling using photoactivated hydrophobic reagents detects lipidexposed faces of transmembrane helices. Both α-and β-subunits of renal Na,K-ATPase are labeled by
, and phosphatidylcholine-TID analogues (78, 79) . Labeling of the α-but not β-subunit is amplified in the E 2 [K] compared with the E 1 Na conformation. Recent work with Torpedo Na,K-ATPase shows that TIDPC labels the hydrophobic segments M1, M3, M9, and M10 with no difference in E 1 or E 2 conformations. M2 and M4-M8 segments were not labeled (80). This labeling pattern is expected for a helix arrangement such as that of Ca-ATPase, except for the lack of labeling of M2 and M7. Mβ has been hypothesized to conceal M7. TID labels the same fragments as TIDPC and also an M5-M6 fragment; this labeling is enhanced in the E 2 conformation. Thus the M5-M6 hairpin is conformationally mobile, whereas there is little conformation-dependent change of the peripheral segments M1, M3, M9, and M10.
Specific oxidative cleavage catalyzed by bound transition metals provides information on proximity of cleaved polypeptide bonds (81). Fe 2+ catalyzes specific cleavages of either Na,K-ATPase or H,K-ATPase (6, 82, 83) at two sites. Site I is in the P and A domains (discussed below). Site II is at the membrane-water interface where Fe 2+ mediates cleavages near the entrance of M3 and M1, as does also a lipid-soluble complex of Cu 2+ ions and bathophenanthroline (DPP) (54). A homology model confirms proximity of M3 and M1 at one point where the sequence 283-HFIH meets 81-EWVK to form a Fe 2+ site II (85). Cleavages near M3 and M1 are not affected by the E 1 /E 2 conformations. This work indicates a similar disposition of M3 and M1 in Ca,ATPase, Na,K-ATPase, and H,K-ATPase.
α-, β-, γ -Subunit Interactions
Several excellent reviews describe the role of the β-subunit in stabilizing the α-subunit and facilitating its routing and insertion into the membrane, as well as effects on functional properties, notably cation affinities (86-88). The strongest subunit interactions exist between the extracellular loop L7/8 and the β-subunit (86-88), but membrane and cytoplasmic sequences also play a part (86, 88). Recent tryptophan-scanning mutagenesis shows that two faces of Mβ interact with the α-subunit. Cys46 in the β-subunit interacts with the α-subunit near M8 to which it can be cross-linked (71, 72) . Tyr40 and Tyr44 in the β-subunit interact with other α-subunit helices, which also affect K + affinity (89). Functional studies show that the γ -and α-subunits interact at more than one position (90) , but the interaction sites of α with γ or other FXYD proteins are largely unknown. An interaction of the γ -subunit with a C-terminal portion of the α-subunit has been proposed based on thermal denaturation (90) 
A Hypothesis Regarding Helix Packing
The helix packing of renal Na,K-ATPase proposed in the reconstruction based on electron microscopy (13) assumes that the arrangement of the α-subunit and Ca-ATPase are the same. Accordingly, Mβ is identified with a peripheral electron density ( Figure 6A ). This arrangement does not easily explain an interaction of α with Mβ at more than one face (89). Also Mβ and M8 may be too far apart for cross-linking (71) . To resolve these inconsistencies, and those discussed above in relation to L9/10, we propose an alternative arrangement in Figure 6B . Mβ occupies the position of M10 of Ca-ATPase, whereas M10 is displaced toward M9. Location of Mβ between M7 and M8 should allow Cys46 to approach M8, and Tyr40 and Tyr44 to approach M7. M10 (Cys983) should be close enough to M9 (Cys964) for S-S bridge formation. Finally, γ is close enough to M8 to permit cross-linking.
THE Na + -AND K + -ION-BINDING SITES IN THE TRANSMEMBRANE REGION
The passage of cations through the low dielectric of the lipid bilayer is facilitated by oxygen-containing side chains near the center of the bilayer and by interruption of helices M4 and M6 in Ca-ATPase (16) and probably helix M5 in Na,K-ATPase (55). The helix dipoles of interrupted helices may impose a negative potential to attract the cations, and in the open loops, residues at positions -3 and -4 relative to prolines can expose main chain carbonyl oxygen groups for cation coordination (91) . Ca 2+ ions may enter from the cytoplasmic side, between M2, M4, and M6, and be guided via a hydrophilic pathway to oxygen groups of the coordinating residues oriented toward the cytoplasm, in particular Glu309 and Asp800 (16) . Electrostatic surface potential analysis, Figure 7a ,b shows this region and the corresponding region of Na,K-ATPase as red, negatively charged areas. On the extracellular side, a negatively charged grove, including Ile788 in Ca-ATPase, may serve as a cation outlet. The distance between these two putative entrance areas is not excessive and indicates that they are close to the membrane-water interface. The center of M4 and M6 are unwound loops with rows of exposed oxygen atoms, from Pro312-Glu309 in M4 and from Gly801-Asp800 in M6. The side chains of Glu309, Asn768, Glu771, Asn796, Thr799, Asp800, and Glu908 and several main chain carbonyl oxygens (Val304, Ala305, Ile307) contribute six coordinating groups for each of two Ca 2+ ions (16) . In the α-subunit of Na,K-ATPase, the M5 helix may also be interrupted because the sequence 777-IPEITP is similar to the interrupted sequence 307-IPEGLP in M4 of Ca-ATPase (60) . At the exit, there is a ring of oxygens with water molecules for rehydration, but a narrow water-filled access channel or ion well is not apparent (16) .
In Na,K-ATPase, effects of several divalent or trivalent cations (Br-TITU), which act as Na-like competitive inhibitors of Na + or Rb + occlusion, led to the concept of a cytoplasmic cation entry port, consisting of negatively charged residues in L6/7 that control access to the occlusion sites (92) . Mutations of L6/7 of Ca-ATPase (Asp813, Asp815, Asp818) strongly reduce Ca + affinity for activation of active Ca + transport, suggesting a similar hypothesis (93). On the other hand, in the Ca-ATPase structure, Asp813, Asp815, and Asp818 appear too far apart to create a Ca + -binding site, implying that the mutations could have indirect effects (16) . However, a peptide corresponding to L6/7 has been shown to form specific 1:1 complexes with Ca + and La + , and all three residues (Asp813, Asp815, and Asp818) are required (94). Thus L6/7 may have a dual role, mediating communication and stabilizing the P and M domains as suggested by (16) , and also acting as a port to control entry of Ca 2+ ions (94). Although the charges of Ca 2+ and Na + ions differ, their ionic radii and coordination properties are similar. In general, these hard cations coordinate to oxygen atoms of negatively charged or neutral groups. Two Na + -binding sites in Na,K-ATPase can therefore be assumed to be homologous to the two Ca 2+ sites found in the Ca-ATPase structure. Sequence alignment and site-directed mutagenesis are also in agreement with the role of residues Glu327, Asn776, Glu779, Asp804, and Asp808 in Na + binding (55, [58] [59] [60] . In site I, one of the Na + ions is coordinated to Asn776, Glu779, Thr807, and Gln923. In site II, the second Na + ion coordinates to Glu327, Asp804, as well as to the carbonyl oxygen groups of Val322, Ala323, and Val325, whereas the side chain of Asp808 coordinates to both ions (16, 32) (Figure 4a ).
Location of a Third Na
+ Site?
The model discussed above identifies two sites for binding of Na + , but the E 1 and E 1 -P forms are known to bind three Na + ions, and a site for the third Na + ion has not been identified. One possibility is that a third Na + ion is bound near the middle of the membrane bilayer at the level of site I and II in Ca-ATPase. The coordinating groups might be located in M8 and M9, although mutagenesis data have not revealed significant contributions to binding of Na + from Glu953 or Glu954 in M9 (95). Asp925 in M8 may contribute up to 5 kJ/mol to the free energy of Na + binding (55, 96), but this residue is positioned in the cytoplasmic half of the bilayer. In addition, the location of the third Na + site in the middle of the membrane, near sites I and II, may not be compatible with the electrogenic binding of the third Na + ion with a dielectric coefficient of 0.25 in a neutral binding site or with the electrogenic release with a dielectric coefficient of 0.7 at the extracellular surface of the first Na + ion from the E 2 -P form. For references to the literature on electrogenecity of Na + -and K + -transport, see earlier reviews (97-99). Another possibility for locating a third Na + site is a cytoplasmic neutral site for binding of a partially dehydrated Na + ion. In a model of Na,K-ATPase built on the backbone of the high-resolution structure of Ca-ATPase, a cavity appears between M4, M5, and M6 where Ser768 in Na,K-ATPase replaces Phe-760 in Ca-ATPase (Figure 4b ) (K.O. Håkansson & P.L. Jorgensen, submitted for publication). A partially dehydrated Na + ion can be docked into this site, 9-10Å on the cytoplasmic side of the other two Na + ions in sites I and II. The Na + ion is coordinated by the side chain and main chain oxygens of Ser768 and three water molecules and makes contacts with Thr772, consistent with the selective effect on Na + binding on 831 mutation of Thr772 (60) . Figure 4b illustrates how binding and partial dehydration of a Na + ion in a neutral site prior to binding in site I may explain both the electrogenic binding of the third Na + (d = 0.25) (d is the dielectric distance explained in References 97-99) and the electrogenic release of the first Na + ion (d = 0.7) (97-99). Charge movements detected by electrochromic dyes are compatible with a Na + site in the cytoplasmic membrane leaflet in Na,K-ATPase, whereas there is no indication of a cytoplasmic Ca 2+ site in Ca-ATPase (100).
K + -Binding Sites
Structural changes in the cation-binding site during E 1 -E 2 transition cause a switch in the selectivity from the Na + ion (D = 1.9Å) to the somewhat larger K + ion (D = 2.7Å) (55). Most of the residues contributing to Na + binding also bind K + in the E 2 form (55). The alkali metal ions do not move from one set of sites to another; rather sites I and II are bifunctional and their coordination geometry and orientation are rearranged during the E 1 -E 2 transitions. The E 2 models of CaATPase, 1FQU and 1KJU, show that the relative positions of M5 and M6 are roughly the same in E 1 and E 2 , but that helices M4 and M8 move relative to these two helices. In the case of Na,K-ATPase, this could mean that Glu327 and the coordinating carbonyl oxygen groups of residues 322, 323, and 325, as well as Gln923, move away, creating a more spacious cavity for binding of the larger K + ion. The E 2 structure of Na,K-ATPase, although not of sufficient resolution to visualize individual helices, demonstrates that the E 2 conformation is similar in the two enzymes (12, 13).
Owing to the high K + affinity, direct binding of two Rb + or Tl + ions per α-subunit can be measured at equilibrium in recombinant Na,K-ATPase (59, 60) after expression at high yield in Saccharomyces cerevisiae (101). Each of four carboxylate groups, Glu327 in M4, Glu779 in M5, Asp804, and Asp808 in M6, are essential for high-affinity binding Tl + with K d K 7-9 µM in the wild-type enzyme (58, 59 (58, 104) , whereas partial activities remain after mutations of Glu327 and Glu779 (105, 106). In mutations of Glu327 or Glu779, the E 2 form is destabilized and the conformational equilibrium is poised in favor of the E 1 form, with high apparent affinity for ATP and a greatly increased Na-ATPase activity in the absence of K + (103, 106). Large changes in the currents generated by the recombinant Na,K-ATPase with Glu779Ala mutation (107) also implicate the 775-SNIPEITP segment of M5 in Na + /K + selectivity at the extracellular face.
Cation Specificity
The E 1 and E 2 conformations differ with respect to orientation and specificity of cation sites for Na + and K + . The adjustment of the cation sites from the E 2 [2K]
form with specificity for K + over Na + to the E 1 ATP form with specificity for Na + over K + is accompanied by changes of both the number and distances of coordinating groups from the bound cations. Twisting or tilting of the intramembrane helices may adapt the distances between the oxygen atoms of the coordinating groups of sites I and II (55, 60). In the E 2 [2K] form, the dimensions are suitable for coordinating two dehydrated K + ions and orientation is toward the extracellular phase. In the E 1 ATP form, the geometry is suitable for coordination of three dehydrated or partially dehydrated Na + ions and the sites are oriented toward the cytoplasm.
Relative cation specificities of the two conformations can be estimated from apparent affinities at the cytoplasmic and extracellular surfaces. The apparent affinities for Na + and K + at the cytoplasmic surface have been estimated to be 0.6 and 10 mM, respectively, corresponding to a 16-fold preference for Na + over K + , at the cytoplasmic surface. This requires that Na + binding is stabilized by 6.4 kJ/mol more than binding of K + (60) . Specific contributions in the range of 4-7 kJ/mol from Thr774, Thr776, Ser775, and Tyr771 in the cytoplasmic part of M5 appear to be relevant for the selectivity for Na + at the cytoplasmic surface (55, 60). At the extracellular surface, the affinities for Na + and K + amount to 600 and 0.2 mM, respectively. The extracellular K/Na-affinity ratio of 3000-fold requires that K + binding is 18.4 kJ/mol more stable than binding of Na + . Glu327 contributes 4-8 kJ/mol more to binding of Tl + or K + than to binding of Na + , but the contribution of several other residues appears to be required (55, 60).
ENERGY TRANSDUCTION, CYTOPLASMIC DOMAIN INTERACTIONS, AND THE CATALYTIC CYCLE
A characteristic feature of E 1 -E 2 transitions is that the active site alters its size owing to domain association and dissociation and its inclination through tilting or rotation of the P domain. The relationship between the N and P domains does not change much during the reaction, but association and dissociation of the A domain is a prominent feature (16, 17) . In the first step, ATP binding to the E 2 [2K] conformation displaces the A from the N and P domains and stabilizes the E 1 ATP conformation. In the E 1 or E 1 -P conformations, the N domain remains docked onto the P domain with the A domain displaced to one side. In the E 2 [2K] and E 2 -P conformations, the A domain docks onto the P and N domains and interferes with the tight N to P interactions. (8, 107a) . The concepts, depicted in the schematic diagrams in Figure 8 , are applicable to both Na,K-ATPase and H,K-ATPase. Similar models for Ca-ATPase have been proposed recently (17, 108) . Presumably, they apply to all P-type ATPases.
N, P, and A Interactions in E 1 and E 2 Conformations
In light of the high-resolution structure, the exposure and protection of proteolytic cleavage sites in Na,K-ATPase and Ca-ATPase can now be interpreted in terms of cytoplasmic domain interactions. Association and dissociation of the A domain from P domain can be monitored by tryptic and chymotryptic cleavage (1) or tryptic, V8, and proteinase-K cleavages of Ca-ATPase (56, 57, 108, 109). Dissociation of the A domain from the P domain in E 1 [3Na] or E 1 -P[3Na] forms of Na,K-ATPase exposes the bond at Leu266 (Cl) in the L2/3 loop to chymotrypsin (1, 110) . Similarly, sites for tryptic, V8, and proteinase-K are exposed in the E 1 [2Ca] form of Ca-ATPase (56, 57) .
Tryptic cleavage patterns reflect interaction between the A domain and the N domain in the E 2 [2K] or E 2 -P[2Na] forms. Trypsin cleaves the α-subunit at Arg438 (T1) in the N domain and subsequently at Lys30 in the A domain. Loss of Na,K-ATPase activity is linear and associated with cleavage at Arg438. The biphasic inactivation of K phosphatase has a typical delay indicating that cleavage at Arg438 precedes cleavage at Lys30 (1, 111). Arg438 is exposed at the surface of the N domain close to a loop pointing toward the A domain. High-affinity binding of ATP interrupts this interaction and exposes the T2 site (K30) to rapid tryptic cleavage (111). The cleavage patterns are compatible with an interaction between the 438-RAVAGDA loop in the N domain and the segment around Lys30 in the A domain in the E 2 forms of Na,K-ATPase. The functional significance of these connections is apparent from the changes in catalytic properties because cleavage at Lys30 strongly reduces the rate of the E 1 -P to E 2 -P conversion, stabilizing the E 1 conformations three-to fourfold (112).
Rotation of the A domain accompanying the E 2 to E 1 transition exposes Lys 30 (T2) in the N terminus to rapid cleavage, whereas Arg 262 (T3) in the exposed L2/3 loop is cleaved 30-fold more slowly, resulting in biphasic inactivation of Na,KATPase in the E 1 conformations (1). Synergistic effects on function of a truncation at M32 and a G233K mutation demonstrate the interplay of these segments in the A domain (113).
Changes in N, P, and A domain interactions also explain effects of K + or Na + ions on covalent labeling of Lys501 by various reagents (114) or cross-linking of Lys501 to Lys480 (115) . ATP or low concentrations of K + ions protect the enzyme, whereas Na + ions accelerate inactivation. Protection by ATP is expected because Lys501 and Lys480 are contact residues. The cation effects are explained most simply by altered accessibility of Lys501 and Lys480 to the reagents. K + stabilizes E 2 [2K] with a closed organization of the N, P, and A domains. Na + ions stabilize E 1 Na with the open N, P, and A domain organization.
The most direct evidence for P and A domain interactions has come from Fe 2+ -catalyzed cleavages of Na,K-ATPase or H,K-ATPase (116-118) α-subunits. In the E 2 [2K] form, Fe 2+ bound at site I catalyzes splits in the conserved sequences of the A domain (at 214-ESE) and P domain (near 367-CSDK, near 608-MVTGD, and at 712-VNDS). The observations led to the prediction that the A and P domains interact near these sequences. In E 1 conformations, cleavages at site I are absent, although those at Fe site II remain. This can be explained by separation of the cytoplasmic domains so that Fe site I no longer exists. These inferences are confirmed by the Ca-ATPase structure in the E 1 form, or models in the E 2 conformation which indeed demonstrate proximity of A to P and also A to N domain interactions (16, 17) . Glu214 in the TGES sequence appears to be the linchpin of the A to P domain interaction because it is hydrogen bonded to Asp369, Thr371, Lys370, Thr610, and Gly611. Suppression of different Fe In Na,K-ATPase, binding of free ATP to E 1 conformations in the absence of Mg 2+ elicits strong electrostatic repulsion between the γ phosphate and the negative charges at the surface of the P domain. Removal of the charge of the carboxylate groups in the Asp369Ala mutation increases the equilibrium-binding affinity for ATP 30-to 40-fold (119) . Substitution of Ala for Asp710 causes a more moderate two-to threefold increase of the ATP affinity (52). The apparent dissociation constant for wild-type Na,K-ATPase of K app d = 39 nM is reduced to K app d = 13 nM in Asp710Ala, and in the Asp369Ala mutation, the K app d is only 1.8 nM. The data allow estimation of the free energy required to overcome the electrostatic interaction between the γ phosphate of ATP and the carboxylate groups to 2 kJ/mol for Asp710 and 7.9 kJ/mol for Asp369.
The strong electrostatic interaction of the γ phosphate of the tightly bound ATP with the negative charges of Asp369 and Asp710 at the surface of the P domain in Na,K-ATPase shows that the N and P domains must be closed in the ATP-E 1 [3Na] form, even in the absence of Mg 2+ ions (52, 119). As expected, coordination of Mg 2+ in the negatively charged surface of the P domain reduces the electrostatic repulsion of the phosphate groups and thus facilitates ATP binding. In presence of Mg 2+ , the curve for ATP dependence of phosphorylation has a 0.5 K value of 12 nM ATP (25) . This is at least threefold lower than the K d = 38 ± 5 nM for binding of free ATP at equilibrium in the absence of Mg
2+
. An important function of the negative charges of Asp369 and Asp710 could be to counterbalance the very high intrinsic binding affinity of ATP for Na,K-ATPase. As proposed by Jencks (22) , high-energy intermediates are likely to act as barriers to rapid turnover of transport systems.
In order to explain ATP binding, a model of Ca-ATPase has been proposed in which rotation of the N domain about flexible hinges at Asn359 and Arg604 brings N and P domains into alignment (17) . The model also explains cross-linking of Lys492 (N domain) and Arg678 (P domain), which come into close proximity (120) . This implies that the N to P domain interaction may occur even without ATP or ATP-Mg, although binding of the nucleotides should stabilize closure. The fact that Na,K-ATPase binds free ATP with a high affinity in the E 1 state whereas Ca-ATPase binds only MgATP (121) may be explained if the N to P interaction is much stronger for Na,K-ATPase than for Ca-ATPase. 2+ bound to ATP is in close proximity to both 708-TGDGVNDS in the P domain, presumably Asp710 and Asp714, and 440-VAGDASE in the N domain. This predicted N to P closure provides a testable constraint for model building.
Using an approach similar to that in Reference 17, N and P domains have been brought into proximity by tilting the N domain about 80
•. (107a). Asp703 (the homologue of Asp710 in Na,K-ATPase) and Glu439 (the homologue of Asp443 in 440-VAGDASE) can be brought within 4Å of each other. With the ATP-Mg 2+ docked, the model shows nucleotide interacting with Lys515, Lys492, Phe487, Arg560, and phosphates are close to Asp351, Thr353, Thr625, Lys684, Asp703, and Asp707, consistent with the known facts. The Mg 2+ ion is close to both Asp703 and Glu439. Thus cleavage and modeling fit well with the mutation data in identifying of Asp710 in Mg + binding and point to Asp443 as an additional candidate.
The models of Ca-ATPase in the E 2 conformation demonstrate N to A domain interactions (16, 17) . Specifically, Glu439 comes within 4Å of Ser186 or 3Å of Arg174 (A), and residues Glu486 and Arg489 (N) interact with Ser170-Thr171 and Thr191-Glu192 (A). Recently, ATP-Fe 2+ complex-mediated cleavages in the E 2 [2Rb] conformation have been detected near 212-TGES (A domain), near 440-VAGDA, and at a site between residues 460 and 490 (both in the N domain) (107a) that demonstrates directly the N to A domain interaction.
Comparison of the models for E 2 (1KJU)-and E 1 -bound ATP can, at least in part, explain the difference in affinity of ATP in E 1 and E 2 conformations. In E 1 , ATP is bound to residues in both N and P domains, whereas in the E 2 conformation, the A domain interferes with the close N and P domain interaction. The low ATP affinity could be explained by the lack of accessibility to Asp351, Asp703, Asp707, Thr353, and Lys684 side chains within the P domain when these residues are completely overlaid by the A domain in the E 2 conformation. In the E 2 model, Glu183 appears to provide key contacts between the A to P domains by H-bonding to Asp351, Lys352, Thr353, Thr625, and Gly626, several of which (Lys352, Thr353, Thr625) are predicted to be in direct contact with ATP in the E 1 conformation. In addition, the A domain hinders access of ATP to Lys684. Thus in essence, stabilization of E 1 by ATP can be understood as the result of competition between the ATP and the A domain for contact residues in the P domain (107a). In this way, binding of ATP to E 2 [2K] with a low affinity induces the large outward movement of the A domain during the E 2 → E 1 transition and brings the P domain back into close proximity with the N domain (17) .
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Mg
2+ Binding and Formation of the MgE 1 -P[3Na] Complex
In the 1KJU model of the E 2 conformation of sarcoplasmic reticulum Ca-ATPase (17), the transition from E 2 to E 1 involves a 53
• rotation about an oblique axis of the P domain, which carries the N domain with it in addition to the movement of the A domain by 90
• about a vertical axis. These motions can render the surface of the Rossmann folds with Asp369 and Asp710 more reactive toward binding of ATP and Mg 2+ in the E 1 conformation, but the transfer of the γ phosphate to Asp369 occurs only after binding of three Na + ions in the sites on the transmembrane segments.
Mg 2+ is essential for all phosphoryl transfer reactions and for the E 1 -P to E 2 -P conversion in Na,K-ATPase. To determine binding constants for Mg 2+ binding it is important to stabilize either the E 1 -P or the E 2 -P conformations. In pig kidney Na,K-ATPase, the E 1 -P-E 2 -P equilibrium is poised heavily in favor of the E 2 -P, and oligomycin is required to stabilize the E 1 -P form (1) . The high affinity of the MgE 2 -P complex for ouabain provides a convenient assay of Mg 2+ binding in the E 2 -P, but that conformation can be distinct from the MgE 2 -P[2Na] intermediate in the catalytic cycle.
Analysis of mutations in the 708-TGDGVND loop shows that the Na,K-ATPase activity is severely reduced in mutations of Thr708, Asp710, Asn713, and Asp714 (52). affinity is observed for the Asp710Asn mutation, whereas phosphorylation is almost abolished for the Asp710Ala mutation. Removal of the carboxamide group of Asn713 causes a moderate 4-fold reduction of Mg 2+ affinity (52). Coordination of Mg 2+ to Asp710 can establish a link via the γ phosphate to Asp369. The role of Asp710 in this scheme is to stabilize Mg 2+ in a position that facilitates nucleophilic attack of Asp369 to form the acyl phosphate intermediate (123) , and Mg 2+ shields the negative charges of the phosphate moiety and the two carboxylates. Another contribution to coordination of Mg 2+ is the main chain carbonyl oxygen of Thr-371 in the 369-DKTGGT segment of the phosphorylated residue (Thr353 in Ca-ATPase); however, the side chain hydroxyl of Thr371 (Thr-353) may participate in interactions with nucleotide and phosphate (124) .
Because ATP-Fe 2+ serves as a substrate, the enzyme becomes phosphorylated in the presence of ATP-Fe 2+ and Na + ions (83). In the presence of oligomycin, the E 1 -P form is stabilized. In this state, bound Fe 2+ catalyzes exactly the same cleavages as in the E 1 state (54). Thus the N to P interaction and Fe 2+ or Mg 2+ binding in 712-VNDS and near 440-VAGDA is assumed to be unchanged.
Transition from E 1 -P to E 2 -P (A to P Interaction)
During the transition to E 2 , the conserved 212-TGES loop engages with the surface of the P domain. Mutagenesis studies have not yet identified residues ligating Mg
2+
in the E 2 -P conformation, but the Ca-ATPase structure suggests alternative ligating loops in the A domain.
JORGENSEN HÅKANSSON KARLISH
Upon phosphorylation of Na,K-ATPase (ATP-Fe 2+ , Na
, Tris) to E 2 -P, Fe 2+ is tightly bound and a major cleavage occurs near 212-TGES in the A domain, whereas the cleavages near 712-VNDS are less prominent (54). This is indicative of the A to P domain interaction. In addition, the N to P domain interaction is relaxed because the cleavage near 440-VAGDA (N domain) is not seen in E 2 -P. The shift of Mg 2+ coordination to the 212-TGES segment could be important for forming a bridge to stabilize interactions between the P and A domains, and it may also have a crucial functional significance. The active site contains the Asp369 bound with phosphate, Mg 2+ ions bound to the phosphate, and the 212-TGES sequence. A change in geometry of ligands around the phosphate and the more hydrophobic environment produced by the domain closure may be required for inducing reactivity of E 2 -P to water, compared with the reactivity of E 1 -P to ADP. Mg 2+ ions interact less strongly with Asp710, although Asp710, Asp714, and Asn713 are still in close proximity.
Mutagenesis results imply that in E 2 -P the 708-TGDGVND loop is not required for Mg 2+ recognition but rather for stabilization of the transition state and for K + stimulation of acyl-phosphate bond hydrolysis in the E 2 -P form. Asp710 may contribute directly to coordination of pentacovalent vanadate in the transition state (52). Removal of the Asp710 also interferes with transmission of the structural change to the cation sites and ouabain-binding domain at the extracellular surface. The Asp710Ala mutation causes a threefold reduction of the affinity for binding of Tl + (52). In the forward reaction, this corresponds to a role of Asp710 in transmission of the K + stimulation of phosphoenzyme hydrolysis from M5 to the P domain. Overall, the effects of mutations in the 708-TGDGVND loop on binding of Mg 2+ in E 1 -P and E 2 -P forms complement the results of Fe 2+ -catalyzed cleavage.
ENERGY TRANSDUCTION, LONG-RANGE INTERACTIONS BETWEEN CYTOPLASMIC AND MEMBRANE DOMAINS
ATP binding, phosphorylation, and cytoplasmic domain movements associated with E 1 ↔ E 2 transitions are tightly coupled to the vectorial processes in the intramembrane domain via long-range structural changes. The E 2 [2K] → E 1 (2K) transition is associated with an increase in binding energy of ATP, which drives K + transport into the cell. The E 1 -P → E 2 -P transition in the P domain is coupled to extrusion of Na + from the cell. These long-range effects could be mediated directly via the P domain and S4 and S5 or by an indirect route via the large movements of the A domain and the loops (L2/3 and L6/7) connecting to the transmembrane segments. The evidence for either path is not decisive, and it is likely that both mechanisms could apply.
ATP-Driven K + Uptake
The ATP-K + antagonism is unique to Na,K-ATPase because this is the only cation pump that possesses high-affinity binding sites for both ATP and K 
E 1 -P to E 2 -P Transitions and Na
+ Movements
It is also a question whether the long-range conformational transitions coupling the conversion of E 1 -P[3Na] → E 2 -P[2Na] to extrusion of Na + are transmitted directly or indirectly to the cation sites. With the architecture of the P domain in mind, direct transmission via S4 and S5 to M4 and M5 is clearly an option, but there is considerable evidence for indirect transmission via the A domain and the L2/3 loop and its connections to L6/7, M4, M5, and M6 (8). Chymotryptic cleavage at Leu266, which causes interruption of the L2/3 loop (Figure 3 ), blocks Na + translocation and stabilizes the protein in the E 1 -P[3Na] form (110), thus allowing the first demonstration of occlusion of Na + (125). Similar to proteolytic splits, the mutations Gly263Ala and Arg264Ala (rat α1) stabilize the E 1 conformation (126) . In Ca-ATPase, a number of residues in L2/3 are crucial for the E 1 -P to E 2 -P transformation. They are located in the portion of L2/3 that connects the A domain to transmembrane segment M3 (127) or in S4, the stalk that links the P domain to M4 (128) . Mutations in the P1-helix also prevent transition to the E 2 -P form (129) , thus underlining the importance of the triangular connection from L2/3 to the P1-helix and to L6/7. Additional hydrogen bonds and van der Waals interactions between L6/7 and M5 are described in the structure of CaATPase (16) . Structural changes can also be transmitted from the N-terminal part of the A domain through the helix loop connecting to M2. Both transmembrane segments M2 and S2, the helix loop connecting to the A domain, are in close contact with M4 and its extension S4.
A direct transmission route is favored by two sets of information. First, a role of the S4 segment is implied by observations that mutations of several conserved residues of Ca-ATPase S4 (T316-356) (124) , or an analogous segment of S. cerevisiae H-ATPase (129) , stabilize E 1 conformations. Second, mutations of Asp369 or Asp710 to neutral residues stabilize E 2 conformations, and double mutations (such as Asp369Ala, Asp710Asn) do not give greater effects (52, 119). Asp369 and Asp710 need to be close in E 1 in order to bind the ATP-Mg 2+ complex. One can hypothesize that electrostatic repulsion between Asp369 and Asp710 stabilizes the E 1 conformation, but when these are neutralized in E 1 -P-Mg 2+ through Pi and Mg 2+ binding, interactions stabilizing E 2 -P predominate, notably those of the 212-TGES loop in A with N and P domains. The resulting change in Mg 2+ ligation and environment in E 2 -P makes it reactive with water, and the altered disposition of Asp369 and Asp710 may trigger movement of S4 and S5 and the transmembrane segments.
Na
+ -Dependent Phosphorylation and K + -Activated Dephosphorylation
In contrast to the ion translocation reactions, long-range structural changes from the cation sites to the P domain appear to be communicated exclusively by a direct mechanism. Activation of phosphorylation from ATP by binding of the third Na + ion involves nucleophilic attack of Asp369 on the γ phosphate of ATP, whereas binding of two K + ions to E 2 -P[2K] stimulates nucleophilic attack by water on the Asp369-C-O-P bond and hydrolysis of phosphoenzyme. These cation-specific signals are transmitted directly to the P domain without altering the association with the A or N domains.
The signal for K + activation of E 2 -P hydrolysis appears to be transmitted directly through M5 and S5 to the active site. This route of transmission has been proposed after analysis of a series of mutations of residues in S5 of Ca-ATPase (130) . The mutations interfere with transmission of conformational changes from the cation-binding sites in the membrane domain to the P domain controlling dephosphorylation. Arg751 (Arg758 in Na,K-ATPase) in S5 is hydrogen bonded to L6/7 (Figure 3) , and this residue is important for the structural integrity of the enzyme. Through this and other connections in the network of hydrogen bonds and van der Waals interactions of L6/7, the structural change can also be transmitted from K + coordinating residues in M4 and M5 to the P domain without involving the A domain. Alanine substitution of Asp369, Asp710, or Asn713 eliminates the K + -stimulated p-nitrophenylphosphate hydrolysis. The mutations have dramatic and specific effects, as removal of the carboxylate group of Asp710 eliminates vanadate binding and removal of the carboxamide of Asn713 eliminates the phosphate dependence of ouabain binding (52). The 708-TGDGVND loop is therefore required for stabilization of the transition state and for the dephosphorylation reaction.
A Na + -specific conformational change in the N domain has been detected by fluorescence (131) . The analysis shows that the third Na + ion binds to the neutral site only after binding of two Na + ions and triggers Na-dependent phosphorylation presumably by inducing correct alignment of the γ phosphate of ATP with the Asp369. Effects of the Na + ions in E 1 could also be transmitted by the direct route via M5 and S5.
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CONCLUSIONS AND PERSPECTIVES
This review demonstrates the power of homology models of the α-subunit of Na,KATPase, based on the high-resolution structure of Ca-ATPase (16), for analysis of structure-function relationships and molecular mechanisms of the conversion of the free energy of ATP hydrolysis to active transport of Na + and K + ions. Information from site-directed mutagenesis and cleavage experiments has been combined with molecular modeling, which allows us to discuss in detail the events in the active sites, including binding of ATP and Mg 2+ and the transfer of energy to the cation sites for each reaction of the catalytic cycle. The progress in understanding the structure and function of the α-subunit underlines the gaps in our knowledge of the structure and subunit interactions of the β-and γ -subunits, CHIF (corticosteroid-induced factor), and other members of the family of small ion transport regulators of the FXYD family, which are subunits of the Na,Kpump. Coexpression of α1β1-subunits with the γ -subunit or CHIF regulates the activity of the Na,K-pump (132) in the medullary thick ascending limb of Henle or inner medullary collecting duct. These nephron segments are important for the regulation of water and salt excretion. High-resolution structural information about these Na,K-pump protein complexes is essential for solving the molecular mechanism of this regulation and is therefore a question of primary physiological and pharmacological significance.
ACKNOWLEDGMENTS
Work in the authors' laboratories is supported by grants from the Carlsberg Foundation (KOH), the Danish Natural Science Research Council (PLJ and KOH), and the Israel Science Foundation (SJK).
The Annual Review of Physiology is online at http://physiol.annualreviews.org Figure 1 Models of E1 and E2 forms of the a-subunit of Na,K-ATPase based on the high-resolution structure of Ca-ATPase (1EUL) (16) in the E1[2Ca] form and a structure model (1KJU) based on the 6Å electron microscopy structure of the E2 form of Ca-ATPase stabilized by decavanadate and thapsigargin (17) . Side chains in balland-stick are shown for Phe475, Lys501, and Arg 544 in the N-domain (green), for D369 and D710 in the P-domain (blue), and for Glu327, Glu779, Asp804, and Asp808 in the cation-binding domain (gray). The position of the N-domain, which in the crystal structure of Ca-ATPase might be displaced by crystal contacts (16) , has been adjusted to allow spanning of an ATP molecule over the N-and P-domains (8). The resulting relative positions of the N and P domains conform well with those observed in the E2 form by electron microscopy (12, 13, 17). from the cytoplasmic site and the release of the first ion on the extracellular side are electrogenic owing to a bucket brigade mechanism. Binding of the third Na+ will displace the second Na + to site I. The E 1 -P-E 2 -P transition displaces the third Na + ion from the entry site to site I and expels the second Na . Positive charge is shown in blue and negative charge in red. Arrow points at the suggested site for Na + entrance on the cytoplasmic side between M2, M4, and M6.
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